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Abstract: Boron carbide (B4C) is superhard but suffers from brittle failure because shear stress 
leads to formation of amorphous shear bands in which the icosahedral clusters fracture, leading 
to amorphous regions with higher density than the crystal that results in tension induced 
cavitation and brittle failure. Based on our previous studies of related systems, we speculated that 
replacing the C-B-C chains with Si2 and replacing cage C with Si might reduce or eliminate this 
amorphous shear band formation responsible for brittle failure, In this paper we consider 
(B10Si2)Si2, using density functional theory (DFT) to examine its shear deformation. We find that 
the stress accumulated as shear increases is released by slip of the planes of icosahedra through 
breaking and then reforming the Si-Si chain bonds without fracturing (B10Si2) icosahedra. This is 
because the (B10Si2) icosahedra are more stable than the chain under highly stressed conditions. 
This chain disruption deformation mode prevents amorphous shear band formation, providing a 
strategy to dramatically improve the ductility of B4C based materials. Our results suggest that 
making the icosahedra more stable than the chains structure can lead to slipping of the 
icosahedral planes while avoiding the icosahedral fracturing that leads to brittle failure.  
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1. Introduction 
Developing high strength and high ductility materials is of great interest for such applications 
as body armor vests, coatings in nuclear reactor, hypersonic vehicles, and cutting tools.1,2 Boron 
carbide (B4C) is one of the most promising candidate materials because of its superior properties 
of low density, high hardness, high thermal stability, and high elastic Hugoniot limit.1−5 However, 
extended engineering applications of B4C are limited by the brittle failure arising from the 
amorphous shear band formation under hypervelocity impact,6 indentation,7 laser shock,8 
radiation,9 and mechanical scratching.10 Recently we carried out large-scale ReaxFF reactive 
molecule dynamics (RMD) simulations on the shear deformation of B4C for systems with cells 
lengths of ~25 nm (~200,000 atom), where we observed the formation of ~3 nm wide amorphous 
shear bands for shear along both of the two plausible slip systems: (0001)/<1010> and 
(0111)/<1101>.11 Analyzing the origin of the amorphous shear band formation we found that it 
arises because shear leads first to breaking C-B inter-cluster bonds that then react with the B of 
the C-B-C chains as the planes of icosahedral clusters are sheared.12 This leads to fracturing of 
the clusters, forming amorphous regions with an increased local density (because amorphous 
B4C is 5% more dense than crystalline B4C at 50 GPa).
11 This leads to tension that causes 
cavitation and then crack opening.11 Thus to improve the ductility of B4C we must suppress the 
deconstruction of icosahedral clusters under highly compressed conditions. Here we propose two 
design strategies:  
1. Replacing the 3-atom C-B-C chains with 2-atom chains to eliminate the highly reactive 
central atom.  
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2. Making sure that the strength of the 2-atom chain is less than that of the icosahedron. 
    The stable structures of all these systems can be visualized as the closest packing of 
icosahedral clusters that are interconnected by each cluster bonding directly to 6 other clusters 
and to 6 chains. The terminal atom of each chain bonds to 3 different clusters. The lowest energy 
shear response is for one closest packed layer to shear with respect to the adjacent layer. To 
understand the mechanism we focus on the chains that bridge between the two plains being 
sheared. Each terminal atom of the chain has bonds to two icosahedra of one plane and to one 
cluster of the other plane along with the chain bond. To obtain ductile shear, we want each 
terminal atom to go from three bonds to clusters to four bonds and back to three without 
breaking any bonds within the cluster. That is the chain atoms log roll as the plane connect to 
them shear. This leads to the second criterion for ductile response.  
Numerous studies have been made to improve the ductility of B4C, both theory and 
experiments.15−21 Experimentally multiple phase materials B4C−B6O and B4C−ZrB2 have been 
synthesized to achieve improved fracture toughness.15,16 Indeed our previous QM calculations 
find that B4C-B6O leads to improved ductility by suppressing the failure mechanism of B4C.
17 In 
addition, our DFT studies on boron suboxide (B6O), boron subphosphide (B12P2), and (B11Cp)Si2 
indicate that the icosahedral clusters do not deconstruct under pure shear deformation along the 
most favorable shear slip system.18,19 These results support our 1st design strategy that replacing 
the C-B-C chains with 2-atom chains will increase the ductility. Subhash et al. demonstrated that 
filling the empty space in B4C using foreign atoms can also potentially prevent the structural 
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collapse that leads to amorphization.20 
Despite these extensive experimental and theoretical efforts, it has not been possible to 
achieve the high ductility in B4C related materials required for realistic engineering applications. 
Thus, we consider it essential to establish design principles for improved ductility under complex 
stress conditions. In particular, we want to establish our second design strategy of preventing 
deconstruction of icosahedral blocks under complex stress conditions (especially indentation) by 
ensuring that the chains are weaker than the bonds in the isosahedra.21       
Consistent with our design factors we considered that (B10Si2)Si2 might prove to be ductile 
and if so it might be practical to synthesize it since only B and Si are involved. Consequently, we 
carried out DFT simulations to examine the stability, deformation modes, and other mechanical 
properties of two most stable (B10Si2)Si2 structures and compared their shear performance with 
B4C.  
2. Methodology 
All simulations were performed using the plane wave projector augmented wave (PAW) 
method with the Perdew–Burke–Ernzerhof (PBE) functional as implemented in the Vienna 
Ab-initio Simulation Package (VASP) periodic code.22−25 We used a plane-wave cutoff energy of 
600 eV which gives excellent convergence on energy, force, stress, and geometries. The energy 
error for terminating electronic self-consistent field (SCF) and the force criterion for the geometry 
optimization were set equal to 10−6 eV and 10−3 eV/Å, respectively. Brillouin-zone integration was 
performed on Γ-centered symmetry reduced Monkhorst-Pack meshes with a fine resolution of 2π 
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× 1/40 Å−1 for all calculations except for the shear deformation. A more approximate 2 × 2 × 2 
mesh was used in the shear deformation. 
To examine the stability of the (B10Si2) icosahedron in the (B10Si2)Si2 crystal, we performed ab 
initio molecular dynamics (AIMD) simulations on the 2 × 2 × 2 supercell. The system was 
equilibrated at 300 K for 2 ps using the NVT ensemble (constant volume, constant temperature, 
and constant number of atoms). The energy criterion for convergence of the electronic 
self-consistent field (SCF) was set to 10−4 eV and the force criterion for atom relaxation was set to 
10−2 eV/Å in the AIMD simulations. 
    We first determine the elastic constant Cij from the stress−strain relationship as a function of 
various cell distortions from the equilibrium lattice configuration.26 Then, the stiffness constant Sij 
were derived from the matrix inversion of the elastic constant Cij, which is Sij = (Cij)
−1. Finally, the 
Voigt−Reuss−Hill (VRH) approximation27 is applied to calculate the isotropic polycrystalline 
elastic moduli from the corresponding single-crystal elastic and stiffness constants. 
    To determine the ideal shear stress and the deformation mechanism under pure shear 
deformation, we imposed the strain for a particular shear plane while allowing full structure 
relaxation for the other five strain components.28 To mimic the complex stress conditions under 
indentation experiments, we applied biaxial shear deformation where the ratio of the compressive 
pressure beneath the indenter normal to the chosen shear plane has a fixed fraction of the tangential 
shear while the other four strain components are relaxed.29 The residual stresses after relaxing 
were less than 0.5 GPa for both pure shear and biaxial shear deformation.  
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3. Results and Discussion 
The optimum distribution of atoms in B4C is predicted by QM to be (B11Cp)CBC,
11 leading 
to a rhombohedral unit cell with the (B11Cp) icosahedron located at the corner and the C-B-C 
chain along the [111] rhombohedral direction. In (B11Cp)CBC one boron atom in the icosahedron 
is replaced by a carbon atom in the polar site that is bonded directly to a nearby icosahedron (not 
to the C-B-C chain). A second structure (B11Ce)CBC has the C in an equatorial site that connects 
to a C-B-C chain, leading to an energy 0.83 kcal/mol per atom higher. All bonds in the C-B-C 
chain and the extra-polyhedral bonds of the (B11C) unit can be considered as sigma bonds. 
Therefore, the middle B in the C-B-C chain is effectively B+, transferring one electron to an 
(B11C) icosahedron to satisfy Wade’s rule (26 skeleton bonding electrons within the icosahedron). 
This suggests that we write B4C as (B11C)
-1−(C-B+-C). The reactivity of the central B+ in C-B-C 
chain plays an important role in deconstructing the icosahedron during the shear process, leading 
to amorphous band formation.11,12 
To modify this (B11Cp)CBC structure to achieve improved ductility, we first replaced the 
C-B-C chain with the 2-atom Si-Si chain suggested by our previous studies, leading to 
(B11Cp)(Si-Si).
17,18 The overall structure is slightly compressed since the Si-Si chain bond 
distance (2.44 Å) is shorter than the C···C bond distance (2.87 Å) in the C-B-C chain. Here each 
Si has makes bond to the other chain Si and three Si-B bonds, one to each of three icosahedra. 
Replacing the C-B-C chain with Si2 chain, would lead to only 25 polyhedral electrons per (B11Si) 
icosahedron since it has 12 extra-icosahedral bonding with neighboring chains and icosahedra. 
To satisfy the Wade’s rule, we substituted a 2nd icosahedral B atom with a Si atom leading to a 
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composition that we denoted as (B10Si2)Si2. We find that this softens the icosahedron. In addition, 
the Si-Si chain is more flexible than the C-B-C chain30, which allows extensive deformation 
under stress.  
The distribution of Si atoms in the icosahedron leads to four possible crystalline structures 
shown in Fig. 1.  
There are three forms of (B10Si2)Si2 in which there is one Si in the polar site of B4C.  
• ortho with the Si atoms adjacent (o-B10Si2)Si2, Fig. 1(a). This is the most stable. For this 
distorted rhombohedral structure, PBE gives equilibrium lattice parameters a = 5.705 Å, b = 
5.705 Å, c = 5.450 Å, and α = 68.93°, β = 68.93°, γ = 68.59°, leading to a density of 2.46 g/cm3. 
To test the stability of this structure we carried out 2 picoseconds of molecular dynamics (MD) 
on a unit cell 8 times bigger, using DFT derived forces (AIMD) at 298K. We found that no 
icosahedra deconstruct during the AIMD simulations at room temperature, as shown by the 
snapshot in the Fig. S1 of the Supporting Information (SI). 
• meta with the Si atoms separate by one B atom (m-B10Si2)Si2, Fig. 1(b). This is the 2
nd most 
stable, only 0.10 eV/unit-cell higher than ortho. For the distorted rhombohedral structure, PBE 
gives equilibrium lattice parameters a = 5.706 Å, b = 5.706 Å, c = 5.452 Å, and α = 68.77°, β = 
68.77°, γ = 68.43°, leading to a density of 2.47 g/cm3. 
• para with the Si atoms on opposite sides (p-B10Si2)Si2, Fig. 1(c). This structure is 1.25 
eV/unit-cell higher in energy than ortho because there are now Si-Si bonds between cages. For 
this distorted rhombohedral structure, PBE gives equilibrium lattice parameters a = 5.474 Å, b = 
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5.949 Å, c = 5.474 Å, and α = 68.81°, β = 69.18°, γ = 68.81°, leading to a density of 2.45 g/cm3. 
We will not consider this case further. 
    Previous QM studies on isomers (B10Si2)H12 found that (p-B10Si2)H12 is more stable than 
(o-B10Si2)H12 by 0.156 eV;
31 very close to the value of 0.100 we calculate. However, we find that 
the (o-B10Si2)Si2 crystal is more stable than (p-B10Si2)Si2 by 1.250 eV. Since the intra-icosahedral 
bonding should favor para, the stabilization much be related to inter-icosahedral bonds. To 
explain this, we calculated the energy of three clusters composed of two icosahedra (structures 
displayed in Fig. S2 of SI): (B10SiH11)Si-Si(B10SiH11), (B9Si2H11)B-B(B9Si2H11), and 
(B10SiH11)Si-B(B9Si2H11), leading to the results that (B10SiH11)Si-B(B9Si2H11) is more stable 
than (B10SiH11)Si-Si(B10SiH11) and (B9Si2H11)B-B(B9Si2H11) by 0.090 and 0.377 eV, respectively.  
Considering there are four Si-B intra-icosahedral bonds in (o-B10Si2)Si2, the inter-icosahedral 
bonds provide an extra stabilization of 0.934 eV for (o-B10Si2)Si2 relative to (p-B10Si2)Si2. This 
would suggest that (o-B10Si2)Si2 should be 0.934 eV more stable than (p-B10Si2)Si2. In fact, we 
find that it is 1.250 eV more stable. This extra energy difference arises from the fact that some 
intra-icosahedral bonds in (p-B10Si2)Si2 are overly compressed, with an inter-icosahedral Si-Si 
bond length is 2.22 Å for the (p-B10Si2)Si2 crystal, whereas the this bond distance is 2.31A for 
the (p-B10Si2)-(p-B10Si2) dimer (which is slightly smaller than the equilibrium Si-Si bond length 
in crystalline Silicon of 2.35 Å and the Si-Si chain bonds of 2.44 Å). 
In addition, we considered the structure in Fig. 1(d) in which one cage Si atom is located in 
the equatorial site. This structure is 0.71 eV/unit-cell higher in energy than o-(B10Si2)Si2 because 
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there are now Si-Si bonds between the chain and the cluster. For this distorted rhombohedral 
structure, PBE gives equilibrium lattice parameters a = 5.731 Å, b = 5.472 Å, c = 5.498 Å, and α 
= 70.83°, β = 69.14°, γ = 70.79°, leading to a density of 2.48 g/cm3. We will not consider this 
structure further. Thus the cage Si atoms prefer to be located in polar sites.  
In the following, we will focus on (o-B10Si2)Si2 and (m-B10Si2)Si2 because they are close in 
energy and much lower than the other two structures.  
To examine how the structural changes affect the mechanical properties, we used QM to 
predict the elastic moduli of (B10Si2)Si2 which we compare with (B11Cp)CBC. The bulk modulus 
(B) and shear modulus (G) are predicted using Voigt−Reuss−Hill averaging.29 The results are in 
Table S1 of the SI. We find  
• B = 160.1 GPa and G = 136.6 GPa for ortho, 
• B = 159.7 GPa and G = 138.3 GPa for meta, and  
• B = 238.0 GPa and G = 199.0 GPa for (B11Cp)CBC,
11 which is 48.7% and 45.7% higher than 
B and G for (o-B10Si2)Si2, respectively.  
Generally, the materials strength is judged by indentation hardness, which measures the 
resistance of materials to deformation at a constant compression load. Our calculated Vickers 
hardness (Hv) for polycrystalline materials based on G/B
32 leads to (Table S1). 
• Hv = 26.5 GPa for o-(B10Si2)Si2, 
• Hv = 27.2 GPa for m-(B10Si2)Si2, and  
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• Hv = 32.9 GPa for (B11Cp)CBC.  
We also calculated the Knoop hardness based on the electronegativities and covalent radii of the 
constituent atoms, and the bond lengths in the structure.33 This leads to H = 23.5, 27.7 and 34.3 
GPa for (o-B10Si2)Si2, (m-B10Si2)Si2, and (B11Cp)CBC, respectively. This agrees very well with 
the above predicted Vickers hardness based on G/B. Thus, (o-B10Si2)Si2 and (m-B10Si2)Si2 are 
19.5% and 17.3% lower in Vickers hardness compared to (B11Cp)CBC, respectively, indicating 
they are a bit softer than B4C. However, their hardness is still comparable to the extremely hard 
ceramics ZrC, TiC and TiN which have Hv of 25.2~28.8 using the same G/B approach.
32   
To examine how the modified structure affects the deformation mechanism, we first applied 
pure shear deformation to the ground state structure (o-B10Si2)Si2. Previous shear deformation on 
B4C showed that {001}/[100] slip system is the most favorable among 11 possible slip systems.
12 
Since the (B10Si2)Si2 is the modified from B4C, we chose the most favorable stress shear slip 
system to be {001}/[100]. Here we use the 3-index to represent the planes and directions in 
rhombohedral cell.  
Our studies of the shear deformation of B4C found that the first step in the “plastic” 
deformation was to break a boron−carbon bond between neighboring icosahedral clusters.12 For 
o-(B10Si2)Si2 we considered three possible slip systems belonging to {001}/[100] slip system 
(displayed in Fig. S3 of SI):  
(1) the (010)/<001> where the silicon-boron bond between neighboring icosahedra is stretched 
under shear deformation;  
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(2) the (001)/<100> where the boron-boron bond between neighboring icosahedra is stretched 
under shear deformation; 
(3) the (100)/<010>, oriented such that the silicon-boron bond between neighboring icosahedra is 
stretched under shear deformation.  
The shear-stress−shear-strain relationships displayed in Fig. 2(a) show that the barrier stress 
for ideal shear deformation along (010)/<001> is 26.3 GPa, which is 7.7% lower than that for 
shearing along (001)/<100> (28.5 GPa) and 2.2% lower than for shearing along (100)/<010> 
(26.9 GPa). Therefore, (010)/<001> is the least stress shear slip system for o-(B10Si2)Si2.  
The details of the deformation and failure process for shearing along (010)/<001> are 
displayed in Fig. 2(b)-(d). Fig. 2(b) displays the intact structure before shear. As the system is 
sheared to 0.322 strain before failure (Fig. 2(c)), the Si31−B38 bond between neighboring 
icosahedra does not break, with the bond length increasing only from 1.98 to 2.17 Å, but the 
Si31−B22 bond within the icosahedron breaks with a bond length increase from 2.10 to 2.65 Å. 
This broken bond within the icosahedron leads to deconstruction of the clusters as the strain 
increases to 0.345, as shown in Fig. 2(d). This failure process indicates that the (B10Si2) 
icosahedron in o-(B10Si2)Si2 is less stable than Si-Si chain structure under shear deformation. 
This failure mode is different from the failure mode of B4C where the C-B-C chain reacts with 
the carbene formed by breaking the boron−carbon bond between neighboring icosahedral 
clusters.12 However, we expect that the icosahedra deconstruction will lead to amorphous band 
formation in o-(B10Si2)Si2, similar to that B4C. Thus, o-(B10Si2)Si2 should be brittle. Here the 
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critical stress for failure is predicted to be 26.3 GPa, which is 32.5% lower than for (B11Cp)CBC. 
Then we examined the shear deformation m-(B10Si2) Si2, which is 0.10 eV per formula unit 
less stable. Here we also examined three possible slip systems belonging to {001}/[100]: 
(100)/<001>, (010)/<100>, and (010)/<001>. The stress-strain relationship in Fig. 3(a) indicates 
that the ideal shear stress along (010)/<100> is 27.5 GPa which is less than that of shearing along 
(100)/<001> (28.6 GPa) and (010)/<001> (28.6 GPa). Thus, (010)/<100> is the least stress shear 
slip system for m-(B10Si2)Si2.  
The detailed deformation mode and failure of m-(B10Si2)Si2 shearing along (010)/<100> is 
displayed in Fig. 3(b)-(f).  
1. 0 to 0.276 strain: The system deforms elastically until 0.144 shear strain and reaches a maximum 
shear stress at 0.276 strain. No bonds broken as shown in Fig. 3(b). The most stretched bond is 
the Si1-B1 bond from the cage to the chain, which increases from 1.98 to 2.39 Å.  
2. 0.276 to 0.322 strain: As the shear strain increases, the Si-Si chain bond increases from 2.43 
to 2.64 Å while the Si1-B1 bond from the cage to the chain increases to 2.57 Å , without 
fracturing the (B10Si2) icosahedra, as shown in Fig. 3(c).  
3. 0.322 to 0.345 strain: The Si1-B1 and Si-Si chain bonds both break, leading to the formation 
of new Si2-B1 bond shown in Fig. S1(d). This process releases the shear stress from 25.9 GPa to 
6.5 GPa. However, no icosahedra are disintegrated in this process, as shown in Fig. 3(d).  
4. 0.345 to 0.628 strain: As the shear strain further increases continuously, the shear stress 
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monotonically increases to 19.5 GPa without destroying the (B10Si2) icosahedra as shown in 
Fig. 3(e).  
5. Above 0.628. We observe critical failure strain, with one layer of (B10Si2) icosahedra 
deconstructing (Fig. 3(f)), leading to structural failure.  
We also examined the deformation processes of m-(B10Si2)Si2 shearing along (010)/<001> 
and (100)/<001> even though the stress barrier is 1.1 GPa higher than the least stress shear slip 
system (010)/<100>. As the intact structure (Fig. 4(a)) is sheared along (010)/<001> slip system, 
the Si-Si chain bond and icosahedral B-B bond are stretched from 2.42 and 1.76 Å to 2.55 and 
2.34 Å, respectively, at 0.299 strain. But they are not broken, as shown in Fig. 4 (b). These two 
bonds are both broken at 0.369 strain and the chain Si is bonded to the icosahedral B, as shown 
in Fig. 4(c). This process releases the shear stress without deconstructing the icosahedra, leading 
to the 1st shear stress drop. As the shear strain is continuously increased to 0.805 strain, the Si-Si 
chain bond is reformed and the structure recovers as shown in Fig. 4(d)! This structure recovery 
is similar to previous observations in B6O
17 and (B11C)Si2
18. 
For the (100)/<001> slip system, the icosahedra deconstruct at the first stress decrease, as 
shown in Fig. S4 of SI. This suggests that amorphous shear bands might form if the (100)/<001> 
slip system is activated. However, this might be rare under realistic conditions since the stress 
barrier of this slip system is 1.1 GPa higher than for (010)/<100>. 
This failure process along the most plausible slip system indicates that the (B10Si2) 
icosahedra in m-(B10Si2)Si2 are more stable than the Si-Si chain structure allowing the stress to 
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be released by breaking the Si-Si chain bond. This suggests that m-(B10Si2)Si2 is much more 
ductile than o-(B10Si2)Si2.  
Realistic conditions lead to very complicated stress condition. Our previous study indicated 
that the icosahedra in B6O can fracture for biaxial shear deformation but not under pure shear 
deformation.21 Thus, it is essential to examine the deformation of m-(B10Si2)Si2 structure under 
complex stress conditions. Here we examined the shear deformation under biaxial shear 
deformations that mimic the indentation experiments and compare to (B11Cp)CBC.
21 Fig. 5(a) 
displays the shear-stress−shear-strain relationship for m-(B10Si2)Si2 and (B11Cp)CBC. The critical 
shear stress for m-(B10Si2)Si2 is 16.7 GPa, which is much less than the value of 28.5 GPa
21 for 
(B11Cp)CBC. Again, the shear stress for (B10Si2)Si2 increases continuously after the first 
significant drop at 0.231 strain. Then it dramatically drops the second time at 0.339 strain. This 
suggests that the deformation mechanism for (B10Si2)Si2 under biaxial shear deformation is 
different from (B11Cp)CBC. 
The detailed deformation process of (B10Si2)Si2 under biaxial shear deformation is displayed 
in Fig. 5(b)-(f). As the strain increases to 0.187, corresponding to the maximum shear stress of 
16.7 GPa, no bonds break as shown in Fig. 5(b). The B1-Si1 bond from the cluster to the chain 
decreases from the original value of 1.98 to 1.88 Å due to the compressive normal stress. As the 
shear strain increases to 0.209 (before the first stress drop), there is still no bond broken, as 
displayed in Fig. 5(c). The Si2-Si4 chain bond decreases slightly from the original 2.43 to 2.41 Å. 
However, the (B10Si2) icosahedra move close to the Si-Si chain. The interaction of the icosahedra 
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and the Si-Si chain under compressive stress leads to breaking the Si2-Si4 chain bond after a 
critical strain of 0.231. This forms stacking faults of icosahedra as shown in Fig. 5(d), leading to 
a release of the shear stress from 15.3 to 4.3 GPa. However, no (B10Si2) icosahedra are 
deconstructed. In contrast, the icosahedra in B4C and B6O both deconstruct under biaxial shear 
deformation due to the interaction between the icosahedra and chains.21 As the shear strain 
increases further to 0.319 strain (before the 2nd stress release), no icosahedra disintegrate, as 
shown in Fig. 5(e). After passing the second critical strain, one layer of icosahedra deconstructs 
at 0.339 strain, as displayed in Fig. 5(f). This leads to the fracture failure of (B10Si2)Si2.        
The deformation mode of m-(B10Si2)Si2 suggests that the accumulated stress can be released 
by icosahedral slipping to form stacking faults without fracturing icosahedra. This icosahedral 
slip leads to formation of stacking faults, which suggests that mobile dislocations might be 
formed for (B10Si2), which might provide an important mechanism to improve the ductility.  
The main failure mechanism of B4C is amorphous shear band formation rather than forming 
mobile dislocations in B4C.
34 However, modifying B4C to m-(B10Si2)Si2 we now activate an 
alternative deformation model of icosahedral slip. We note here that this icosahedral slip 
deformation mode might be suppressed under other loading conditions such as uniaxial 
compression or tension. 
To improve the ductility of the B4C based materials, it is essential to prevent icosahedra 
disintegration under highly compressed states. The icosahedra in B4C, B6O and o-(B10Si2)Si2 all 
deconstruct under biaxial shear deformation, but they do not disintegrate for m-(B10Si2)Si2. 
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This suggests that merely replacing the C-B-C chain with 2-atom chain is not sufficient to 
guaranteed improved ductility under complex stress conditions. We must also make the 
icosahedron stronger than the chain bond so that the stress can be released by breaking the chain 
to activate the icosahedral slip.  
Although m-(B10Si2)Si2 is more ductile, it is very slightly less stable than o-(B10Si2)Si2. 
Given this small difference, we expect that synthesizing pure (B10Si2)Si2 would likely include a 
mixture of the meta and ortho structures with nearly 50% of each. Our results also suggest that 
activating icosahedral slip can be achieved by decreasing the chain strength to make it weaker 
than the icosahedron.  
4. Summary 
Summarizing, we examined the shear deformation of (B10Si2)Si2 to illustrate the design 
principles for improved ductility of B4C related materials. The m-(B10Si2)Si2 structure displays 
an alternative deformation mode of icosahedral slip, in contrast to (B11Cp)CBC. Under pure shear 
and indentation stress conditions, this mode releases the stress through slipping layered 
icosahedra rather than forming an amorphous shear band. Our results suggest that formatting 
stacking faults by icosahedral slip in m-(B10Si2)Si2 is likely a major deformation mechanism, 
which suppresses the amorphous shear band formation and improves the ductility.  
Summarizing to design B4C like ductile superhard materials we should include two factors:  
(1) Replacing C-B-C chain with 2-atom chain; and  
(2) decreasing the chain strength to activate the icosahedral slipped under complex stress 
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conditions.  
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Figure 1 
 
Figure 1. Stable structures with chemical formula (B10Si2)Si2: (a) (Ortho-B10Si2)Si2 which is the 
lowest energy structure; (b) (Meta-B10Si2)Si2 which is only 0.10 eV/unit-cell higher in energy 
than (o-B10Si2)Si2; (c) (Para-B10Si2)Si2 where the Si-Si cage-cage bonds leads to an energy that is 
1.25 eV/unit-cell higher in energy than (o-B10Si2)Si2; (d) Structure in which one cage Si is 
located in an equatorial site and bonded to chain Si. Here the cage Si to chain Si bonds lead to an 
energy that is 0.71 eV/unit-cell higher in energy than (o-B10Si2)Si2. The B and Si atoms are 
represented by green and blue balls, respectively. 
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Figure 2 
 
Figure 2. The shear-stress−shear-strain relationship and structural changes for (o-B10Si2)Si2 
shearing along the least shear slip system of (010)/<001>: (a) shear-stress−shear-strain 
relationships along two slip systems; (b) intact structure prepared to shear along (001)/<001>; (c) 
structure at 0.322 strain before structure failure; (d) structure at 0.345 strain after structure failure; 
this shows deconstructed (B10Si2) cages. The B and Si atoms are represented by green and blue 
balls, respectively. 
 
 
 
 
 
 
Page 24 of 28
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
25 
 
Figure 3 
 
Figure 3. The shear-stress−shear-strain relationship and structural changes for m-(B10Si2)Si2 
shearing along (010)/<100>: (a) shear-stress−shear-strain relationship; (b) structure at 0.276 
strain corresponding to maximum shear stress; (c) structure at 0.322 strain before the 1st shear 
stress significant drop; (d) structure at 0.345 strain after stress release, no (B10Si2) icosahedra are 
disintegrated; (e) structure at 0.628 strain before the failure; (f) structure at 0.650 strain where 
one layer of icosahedra is deconstructed. The key structural changes are shown in the solid ovals. 
The B and Si atoms are represented by green and blue balls, respectively. 
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Figure 4 
 
Figure 4. The structural changes for m-(B10Si2)Si2 shearing along (010)/<001> slip system: (a) 
intact structure; (b) structure at 0.299 strain corresponding to the maximum shear stress; (c) 
structure at 0.369 strain where the 1st shear stress significant drop, no (B10Si2) icosahedra are 
disintegrated; (d) structure at 0.805 strain corresponding to the 2nd shear stress release, no (B10Si2) 
icosahedra are disintegrated. 
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Figure 5 
 
Figure 5. The stress-strain relationships and structural changes for m-(B10Si2)Si2 under biaxial 
shear deformation along the least shear slip system: (a) shear-stress−shear-strain relationship; (b) 
structure at 0.187 strain corresponding to the maximum shear stress; (c) structure at 0.209 strain 
before the 1st significant stress drops; (d) structure at 0.231 strain where the stress is released by 
the slip of icosahedral clusters without fracturing them; (e) structure at 0.319 strain before failure; 
(f) structure at 0.339 after failure where one layer of icosahedral cluster are deconstructed. This 
simulation aimed at mimicking deformation under the indenter by imposing the relations 
σzz=σzx×tanΦ where σzz is the normal stress, σzx is the shear stress and Φ is the centerline-to-face 
angle of the Vickers indenter. The B and Si atoms are represented by green and blue balls, 
respectively. The key structural changes are shown in the solid ovals. 
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